Introduction {#s0005}
============

Bone marrow is the preferred metastatic site for prostate cancer and is rich in monocytic cells [@bb0005]. Cells of the myeloid lineage have been implicated as tumor-associated macrophages and myeloid-derived suppressor cells in the pathophysiology of various cancers [@bb0010], [@bb0015]. Patients with prostate cancer (PCa) skeletal metastasis experience severe morbidity and mortality, and while macrophage targeting strategies could yield more effective therapeutic options, relatively little is known about monocytic cells in the pathophysiology of skeletal metastasis.

Monocytes and macrophages are highly heterogeneous populations with diverse subpopulations that have distinct phenotypes. A convenient paradigm for classifying macrophages is into proinflammatory "classically activated" M1-like and anti-inflammatory "alternatively activated" M2-like macrophage subtypes. Interestingly, M2-like CD14^+^CD16^+^ monocytes are elevated in the blood of cholangiocarcinoma patients, correlate with tumor-associated macrophage infiltration [@bb0020], and associate with tumor progression [@bb0020], [@bb0025], [@bb0030], [@bb0035].

A key macrophage function is efferocytosis (phagocytosis of apoptotic cells), and macrophages are literally named for their phagocytic nature. M2-like macrophages have been positively associated with efferocytic capacity. Moreover, macrophage efferocytosis is known to induce secretion of key factors that have been implicated in tumor progression including TGF-β and CCL2 [@bb0040], [@bb0045], [@bb0050]. Indeed, previous work has demonstrated that compromised macrophage efferocytosis in MFG-E8 KO mice results in both reduced M2 polarization and prostate cancer tumor growth [@bb0045]. Therapeutic strategies to inhibit monocytes, M2-like macrophages, and efferocytosis could prove particularly beneficial to skeletal metastatic outcomes.

To explore the role of macrophages in prostate cancer skeletal metastasis and a novel treatment strategy, this study utilized the FDA-approved chemotherapeutic trabectedin (ecteinascidin 743). While trabectedin can directly inhibit certain types of cancer cells, it was recently identified to also have a highly selective and proficient ability to induce apoptosis in monocytes and macrophages [@bb0055]. In fact, trabectedin significantly reduced tumor size in cancer cells resistant to trabectedin treatment, suggesting that macrophage effects were important to its therapeutic benefit [@bb0055]. Although this demonstrated the importance of trabectedin's macrophage targeting effects, it focused solely on subcutaneous models of primary fibrosarcomas.

Given that bone marrow is the preferred metastatic site for PCa and has a unique cellular microenvironment rich in many cell types including monocytes, the present study investigated the macrophage subtypes and new treatment strategies for PCa skeletal metastasis. Specifically, two treatment strategies were explored: 1) a "preventative" treatment whereby trabectedin was administered before tumor cell inoculation to determine the impact of modulating macrophages in the bone marrow microenvironment and their role in tumor colonization of the bone microenvironment and 2) a "therapeutic" treatment regimen where trabectedin was administered after intracardiac injection of prostate cancer cells to reduce metastasis.

Materials and Methods {#s0010}
=====================

Cells {#s0015}
-----

Luciferase-labeled PC-3 cells (PC-3^Luc^) were established from the PC-3 cell line (American Type Culture Collection) as previously described [@bb0060]. PC-3^Luc^ cells were regularly authenticated and matched short tandem repeat DNA profiles of the original PC-3 cell line (IDEXX Bioresearch, Westbrook, ME). Bone marrow macrophages were collected from C57BL/6J mice (Jackson laboratory, Bar Harbor) at 4-6 weeks of age for *ex vivo* and *in vitro* experiments. For *in vitro* experiments, macrophages were differentiated from bone marrow using α-MEM media with 30 ng/ml murine macrophage-colony stimulating factor (M-CSF) (eBioscience) for 6 days. At day 7, macrophages were collected and used for further analyses. For macrophage polarization, cells were treated with either IL-4 (R&D Systems) (alternatively activated-M2) or IFNγ (R&D Systems) (classically activated-M1) for 24 hours prior to efferocytosis and flow cytometric analyses. Apoptosis of PCa cells was induced by UV radiation treatment for 30 minutes followed by a 1-hour incubation at 37°C with 5% CO~2~. Cells were considered highly apoptotic (HAp) if there were 70% or higher trypan blue--positive cells. Untreated tumor cells with \<10% trypan blue--positive cells were considered basal apoptotic cells (BAp) as previously described [@bb0045]. Osteoclastogenesis was induced as previously described [@bb0065]. Briefly, freshly isolated bone marrow cells were treated with 30 ng/ml M-CSF and 50 ng/ml RANKL (R&D Systems). Medium was changed every 2 days. At day 7, cells were treated with or without trabectedin for 24 hours and subsequently stained for tartrate resistant acid phosphatase (TRAP) activity.

Drug {#s0020}
----

Trabectedin (PharmaMar, Colmenar Viejo, Madrid Spain) was dissolved in dimethylsulfoxide. For *in vitro* experiments, cells were treated with trabectedin (10 nM) for 24 hours. For *in vivo* experiments, mice were administered trabectedin (0.15 mg/kg/bodyweight) intravenously via tail vein injection as described [@bb0055].

Efferocytosis Assays {#s0025}
--------------------

Bone marrow macrophages were stained with Cell Trace CSFE (Invitrogen) at 0.2 μl/ml. Fluorescently stained bone marrow cells were then co-cultured with phosphatidylserine (PS)-coated (Abcam) fluorescently labeled apoptotic mimicry beads (Bangs Laboratories, Inc.) or fluorescently tagged apoptotic PC-3 cells at a 1:3 ratio of macrophages to apoptotic bait at 37°C. Cells were washed with PBS, fixed with 10% formalin, and collected for further analysis.

Flow Cytometry {#s0030}
--------------

Cells (1×10^6^) were resuspended in FACS buffer (PBS, 2% FBS, and 2 mM EDTA) for antibody exposure. Fluorochrome-labeled antibodies against monocyte and macrophage specific markers including F4/80 (Abcam C1:A3-1), CD86 (BioLegend GL-1), CD206 (BioLegend C068C2), CD68 (BioLegend FA-11), CD45 (BioLegend 30-F11), CD115 (BioLegend AFS98), and tumor necrosis factor receptor superfamily, member 10b (TRAILR2) (R&D Systems FAB721C) were added for 30 minutes on ice and washed three times with cold PBS. Controls included unstained samples for cell size assessment and isotype IgG control (BD Pharmingen) tagged antibodies. After antibody incubation, cells were washed twice with FACS buffer and fixed with 1% formalin. For intracellular staining, cells were subsequently permeabilized with Leucoperm (AbD Serotec) and incubated with antibodies. Data were collected and evaluated for flow cytometry analyses using BD FACSAria III and FlowJo v10 software.

RNA Extraction and Quantitative PCR {#s0035}
-----------------------------------

RNA isolation was performed as described previously [@bb0070] using an RNeasy mini kit (Qiagen, Valencia, CA). The cDNA was synthesized using 0.5μg of total RNA in 50 μl of reaction volume using the TaqMan reverse transcription kit (Applied Biosystems). Quantitative real-time PCR was performed with ABI PRISM 7700 using a ready-to-use mix of primers and FAM labeled probe assay systems (Applied Biosystems) for transforming growth factor beta-1 or *Tgf-β1* (*Tgfb1*, Mm03024053_m1), chitinase-like 3 or Ym1 (*Chi3l3*, Mm00657889_mH), and tumor necrosis factor alpha-like or TNF-α (*Tnf*, Mm00443260-g1). GAPDH (*Gapdh*, Mm99999915_g1) was used as an endogenous control, and the ΔΔCT method was used to calculate the data as described previously [@bb0075].

Western Blot Analyses and Quantification {#s0040}
----------------------------------------

Western blot analysis and quantification were performed as previously described [@bb0045]. Primary antibodies against β-actin (1:5000, Abcam, 8227), colony stimulating factor 1 receptor (CD115) (1:1000, Abcam, 74121), and TRAILR2 (1:1000, Abcam, 8416) were used. Protein quantification was performed using the Scion Image software and calculated relative to control protein expression (β-actin).

Transwell Chemotaxis Assay for Cell Proliferation {#s0045}
-------------------------------------------------

PC-3^Luc^ cells were seeded (2.0×10^4^ cells/well) onto 6-well culture plates. M-CSF expanded bone marrow--derived macrophages were loaded (1:3) into top cell culture 0.4-μm Transwell inserts (EMD Millipore) alone or with UV-induced apoptotic PC-3^Luc^ cells on day 0 and again on day 4. To measure tumor cell growth, Transwell inserts were removed, and tumor cell growth was measured using bioluminescence.

Murine Tumor Models {#s0050}
-------------------

All animal experiments were executed under the approval and guidance of the Institutional Animal Care and Use Committees of the University of Michigan. Male athymic mice were obtained from Harlan Laboratories (Haslett, MI). For the orthotopic bone tumor model, 1×10^3^ PC-3^Luc^ cells were injected into both proximal tibiae of 4- to 6-week-old athymic male mice as previously described [@bb0080]. For the experimental skeletal metastasis model, 2×10^5^ PC-3^Luc^ cells were injected into the left ventricle of the heart of male athymic mice [@bb0080]. To monitor tumor growth, mice were imaged weekly via bioluminescence. After 6 weeks, animals were sacrificed and hind limbs were collected for further analysis.

Histology and Staining {#s0055}
----------------------

After euthanasia, hind limbs were harvested and fixed with 4% paraformaldehyde/PBS at 4°C for 24 hours. Bones were then decalcified in 10% EDTA for 2 weeks and embedded in paraffin. Immunohistochemical staining was performed using a cell and tissue staining assay (HRPDAB system; R&D systems) with rabbit polyclonal antibody to CD206 (1:100; Abcam) and mouse monoclonal antibody to CD68 (1:100; Abcam). Negative controls were used to detect nonspecific staining. TRAP staining on bone sections was performed using a TRAP staining kit (Sigma-Aldrich) according to manufacturer's instructions. Staining was quantified by counting three different fields of view per specimen at 400× magnification that representatively sampled the tumor in the bone marrow. On H&E-stained sections from midtibia, bone area per tissue area was quantified in Osteomeasure software. Tissue area spanned the endocortical border and began 0.3 mm from the growth plate and extended 1 mm distally.

A human prostate cancer tissue microarray was stained for CD68 (KP1, 1:200). A representative subset of 46 patients was analyzed from a TMA containing \>400 patients as previously published [@bb0085]. Assessment was carried out by one/two independent investigator/s that was/were blinded to the clinical information. The 46 patient cohort consisted of 16 benign prostatic hyperplasia (BPH), 22 Gleason ≤ 7, and 36 Gleason ≥ 8 patients. Staining was quantified by counting the sum of four different fields of view for positively stained cells at 200× magnification per specimen.

Inflammatory Cytokine Array {#s0060}
---------------------------

Serum from trabectedin-treated and control mice was collected at the end of the 6-week study. Cytokines were analyzed using the mouse inflammation antibody array C1 according to the manufacturer's instructions (AAM-INF-1-8, RayBiotech, Inc.).

Statistical Analyses {#s0065}
--------------------

Continuous outcomes are reported using means and standard errors by group. Student's *t* test was used for testing differences between two groups. Two-way ANOVA was used for two-factor experiments. Proportions of patients with two or more CD68^+^ cells by Gleason sum were compared using Fisher's exact test. GraphPad Prism and SAS 9.3 were used for statistical analysis with a significance threshold of *P*\<.05.

Results {#s0070}
=======

Phagocytic CD68+ Cells Positively Associated with High Gleason Scores {#s0075}
---------------------------------------------------------------------

Human prostate cancer tissue samples were first evaluated to determine the association of macrophages in the pathophysiology of prostate cancer and their potential as therapeutic targets. Monocytes were stained for CD68 expression, a scavenger receptor with an established role in phagocytosis. Samples were taken from patients characterized by BPH (*n*=16), Gleason score of ≤7 (*n*=22), and a Gleason score of ≥8 (*n*=36) ([Figure 1](#f0005){ref-type="fig"}*A*). Little to no expression of CD68^+^ cells was identified in BPH specimens. Increasing numbers of CD68-positive macrophages were identified with the higher grade. Quantitative analysis of the tissue microarray revealed significantly increased numbers of CD68^+^ cells in high-risk patients with a Gleason score ≥8 ([Figure 1](#f0005){ref-type="fig"}*B*). Further, patients with Gleason score ≥8 were more likely to have two or more CD68^+^ cells identified compared to patients with a Gleason score ≤7 ([Figure 1](#f0005){ref-type="fig"}*C*). These data demonstrate a positive association of CD68 staining with higher-risk patients and support further exploration of macrophage and phagocytic therapeutic targets.Figure 1Phagocytic CD68+ cells are positively associated with high Gleason scores, and macrophage efferocytosis supports prostate cancer cell growth.(A) Representative images of CD68 immunohistochemistry in prostate cancer tissue microarray specimens including BPH (*n*=16), Gleason ≤7 (*n*=22), and Gleason ≥8 (*n*=36). Arrowheads (black) indicate cells positive for CD68. Images are taken at 400-fold magnification.(B) Quantitative analysis of tissue specimens for the sum of CD68^+^ cells in four different fields of view. Measured images were taken at 20× for analysis. Data are mean ± SE, \**P*\<.05, \*\**P*\<.01.(C) The association of two or more CD68^+^ cells in tissue by patient's Gleason score was tested using Fisher's exact test. Significance was set at \**P*\<.05.(D-E) Murine bone marrow--derived macrophages were cultured with PS-coated apoptotic mimicry beads (3:1) or fluorescently labeled apoptotic PC-3 cells (2:1) *ex vivo*, and efferocytosis was analyzed using flow cytometry for ingested beads/cells.(D) PE-labeled and unlabeled PS-coated apoptotic mimicry beads were cultured with freshly isolated bone marrow cells and analyzed by flow cytometry for F4/80^+^ cells with ingested beads. Data are mean ± SE (*n*=4/group), \**P*\<.05.(E) UV-induced apoptotic prostate cancer PC-3 cells (\>60% high apoptosis, HAp) or noninduced PC-3 cells (\<10% basal apoptosis, BAp) were cultured with freshly isolated bone marrow cells and analyzed by flow cytometry for F4/80^+^ cells with ingested PE-labeled apoptotic tumor cells. Representative images shown with data indicated at upper right as mean ± SE (*n*=4/group), *P*\<.05.(F-I) Pretreatment with IL4 and IFN-γ induced polarization into M1 or M2-like macrophages.(F,G) Cell surface markers F4/80, CD86, and CD206 were used to identify polarized macrophage populations using flow cytometry. Percent (%) parent population indicates the number of positive cells in the percentage of total cell population. Data are mean ± SE (*n*=4/group), \#*P*\<.0001. Representative flow cytometry images are below.(H) Relative gene expression of YM1, TGF-β, and TNF-α in polarized macrophages. Data are mean ± SE (*n*=4/group), \**P*\<.05 vs. control.(I) Macrophage efferocytosis using fluorescently labeled HAp (PC-3) tumor cells as bait to determine the preferential behavior of polarized M1 (IFN-γ) versus M2 (IL-4) macrophages. Data are mean ± SE (*n*=4/group), \**P*\<.05.(J) Schematic representation of experimental design to evaluate the effect of macrophages on PC-3 cell proliferation.(K) PC-3^Luc^ cells as shown in F were used to measure cell growth as a result of macrophage efferocytosis using a Transwell assay. Data are mean ± SE (*n*=3/group), \**P*\<.05 vs. all other groups.Figure 1

Prostate Cancer Cell Growth Enhanced with Macrophage Efferocytosis {#s0080}
------------------------------------------------------------------

The role of macrophage efferocytosis in prostate cancer cell growth was first examined with freshly isolated bone marrow cells using two different bait models (apoptotic cells or beads phagocytosed by macrophages) and analyzed using flow cytometry. Murine F4/80--positive bone marrow macrophages cultured with phosphatidylserine coated apoptotic mimicry beads displayed a significantly higher percentage of efferocytosis compared to uncoated beads ([Figure 1](#f0005){ref-type="fig"}*D*). Similarly, efferocytosis was significantly enhanced when induced highly apoptotic (HAp) PC-3 cells were incubated with F4/80 marrow macrophages compared to noninduced basal apoptotic (BAp) PC-3 cells (32.1% ± 3.1 vs. 10.1% ± 2.3) ([Figure 1](#f0005){ref-type="fig"}*E*).

Enhanced efferocytosis has been associated with cytokines that induce macrophage polarization such as IL-4 [@bb0090]. M-CSF expanded bone marrow--derived macrophages were treated with IFN-γ to induce polarization to an M1-like phenotype (F4/80^+^, CD86^+^), or IL-4 for an M2-like phenotype (F4/80^+^, CD206^+^) ([Figure 1](#f0005){ref-type="fig"}, *F*, *G*). Gene expression of TNF-α, a proinflammatory marker, was significantly increased in IFN-γ polarized macrophages. Conversely, genes associated with an anti-inflammatory response, including Ym1 and TGFβ [@bb0095], [@bb0100], were significantly higher in the IL-4 polarized macrophages ([Figure 1](#f0005){ref-type="fig"}*H*).

To evaluate whether M1 or M2 macrophages are more adept at efferocytosis, HAp PC-3 cells were cultured with M1 or M2 bone marrow--derived macrophages. M2 macrophages were more proficient at efferocytosis than M1 macrophages ([Figure 1](#f0005){ref-type="fig"}*I*). Next, to evaluate the impact of efferocytosis on prostate cancer proliferation, luciferase-labeled tumor cells were incubated in a Transwell assay with macrophages undergoing efferocytosis or control macrophages as depicted in [Figure 1](#f0005){ref-type="fig"}*J*. When HAp PC3 cells were used as bait, significantly increased tumor cell growth was observed compared to all control groups ([Figure 1](#f0005){ref-type="fig"}*K*). Interestingly, the presence of macrophages alone was not sufficient to induce significant growth of tumor cells ([Figure 1](#f0005){ref-type="fig"}*K*), suggesting that the efferocytic function was required.

Single Administration of Trabectedin Reduced M2-Like Macrophages {#s0085}
----------------------------------------------------------------

Given the effect of M2 macrophages on efferocytosis *in vitro*, the impact of the macrophage-targeting agent trabectedin was first evaluated in the bone marrow metastatic environment without the confounding impact of a tumor as depicted in [Figure 2](#f0010){ref-type="fig"}*A*. Mice were analyzed 7 days posttreatment to ensure that the drug was completely cleared before analyzing the bone marrow and blood cellular profiles [@bb0105], [@bb0110]. Trabectedin-treated mice had significantly reduced circulating CD115^+^ blood mononuclear cells, while no significant differences were found in CD11b^+^ or CD45^+^ cells alone and in combination compared to vehicle control mice ([Figure 2](#f0010){ref-type="fig"}*B*). In the bone marrow microenvironment, trabectedin significantly reduced F4/80^+^, M2-like cells (F4/80^+^/CD206^+^) but not M1-like cells (F4/80^+^/CD86^+^) ([Figure 2](#f0010){ref-type="fig"}*C*). These data suggest that M2-like cells (F4/80^+^/CD206^+^) macrophages and CD115^+^ mononuclear cells are more susceptible to trabectedin treatment.Figure 2Single dose of trabectedin significantly reduces M2-like bone marrow cells *in vivo*.(A) Schematic representation of the experimental design. Male athymic mice were divided into two groups and treated with a single intravenous injection of saline or trabectedin (0.15 kg/mg/bodyweight). Seven days postadministration, whole blood and bone marrow cells were collected.(B) Monocytes were isolated from whole blood and flow cytometric analyses performed for CD11b^+^, CD45^+^, and CD115^+^ cells. Representative flow cytometric analyses are shown. Data are mean ± SE (*n*=5/group), \**P*\<.05 vs. vehicle.(C) Bone marrow cells were isolated and analyzed for markers F4/80, CD68, CD86, and CD206 using flow cytometric analyses. Representative flow cytometric analyses are shown. Data are mean ± SE (*n*=5/group), \**P*\<.05, \*\*\**P*\<.001 vs. vehicle.Figure 2

"Preventative" Trabectedin Treatment Regimen Reduces M2-Like Macrophages and Skeletal Tumor Size {#s0090}
------------------------------------------------------------------------------------------------

Bone marrow has a high cell turnover rate, which suggests the need for phagocytic cells to engage in rapid clearance of apoptotic cells, and the presence of tumor cells in the bone can further increase the need for efferocytosis. Current work has shown that M2 polarization can be a contributing factor to tumor growth due to the release of protumorigenic factors like TGF-β, and M2-like macrophage density has been linked with tumor progression [@bb0115]. However, a defined monocyte and macrophage population in the context of PCa resident in the bone has not been fully delineated. The effect of monocyte and macrophage targeting via trabectedin was determined in an orthotopic bone prostate tumor mouse model ([Figure 3](#f0015){ref-type="fig"}*A*). A single administration of trabectedin 7 days prior to tumor inoculation resulted in decreased tumor bioluminescence in the tibiae as early as day 28 ([Figure 3](#f0015){ref-type="fig"}*B*). The mice were sacrificed at day 42 and the circulating monocytes and bone marrow cells were analyzed. Mice bearing tumors and treated with trabectedin for 6 weeks showed no differences in CD45^+^ cells but had a trend toward an overall increase in CD115^+^ (*P*=.064) cells and a significant increase in CD11b^+^ cells ([Figure 3](#f0015){ref-type="fig"}*C*). Interestingly, in the trabectedin-treated bone marrow of resident tumor cells, a significant decrease was seen in F4/80^+^, CD206^+^, and F4/80^+^/CD206^+^ double-positive cells ([Figure 3](#f0015){ref-type="fig"}*D*). There were no differences in CD86^+^ cells and the M1 population (F4/80^+^CD86^+^ double-positive cells) between vehicle- and trabectedin-treated mice ([Figure 3](#f0015){ref-type="fig"}*D*). The amount of bone in the tibia relative to the tissue area was not significantly different with trabectedin treatment (Suppl. Figure 3*A*). Collectively, these data show that mice treated with a single administration of trabectedin exhibited a sustained decrease in M2-like macrophages, and despite the increase in circulating CD11b^+^ cells, this resulted in decreased tumor burden.Figure 3Ablation of M2-like bone marrow cells retards prostate cancer tumor growth.(A) Schematic representation of the experimental design (preventative pretreatment regimen). Male athymic mice were divided into two groups and treated with a single injection of saline control (*n*=10) or trabectedin (*n*=8). Seven days after initial treatment (0.15 kg/mg/bodyweight), PC-3^Luc^ cells were injected into the bone marrow space of both the left and right tibiae, and mice were followed for 42 days.(B) Tumor growth in the hind limbs was measured weekly using bioluminescence. \**P*\<.05 vs. vehicle.(C) Whole blood was collected, and monocytes were isolated and analyzed with flow cytometry for CD11b, CD45, and CD115 (with representative flow cytometric analyses). Data are mean ± SE, \**P*\<.05 vs. vehicle.(D) Bone marrow cells were isolated and analyzed for markers F4/80, CD68, CD86, and CD206 using flow cytometric analysis (with representative flow cytometric analyses). Data are mean ± SE, \**P*\<.05 vs. vehicle.Figure 3

Reduced M2-Like Macrophages in Trabectedin-Treated, Prostate Tumor--Bearing Mice {#s0095}
--------------------------------------------------------------------------------

As CD115 has been shown to be associated with resident macrophages and mature monocytes [@bb0120], the effects of trabectedin on tumor-bearing hind limbs (tibiae) were analyzed via immunohistochemistry. CD68^+^ cells were concentrated in areas in close proximity to tumors, whereas, in trabectedin-treated mice, CD68^+^ cell density was reduced and scattered throughout the tissue ([Figure 4](#f0020){ref-type="fig"}*A*). Although differences in CD68^+^ cells were not identified by flow cytometric analysis of the tibia, immunohistochemistry analysis revealed a significant reduction in CD68^+^ cells in the tissue ([Figure 4](#f0020){ref-type="fig"}*B*). CD206^+^ cells were present in both treated and untreated mice; however, like CD68^+^ cells in the tissue, CD206^+^ cells appeared more dispersed throughout the tissue in treated mice ([Figure 4](#f0020){ref-type="fig"}*C*). Quantitative analysis of CD206^+^ cells in four different areas per tibiae revealed a significant decrease in trabectedin-treated mice ([Figure 4](#f0020){ref-type="fig"}*D*). Since monocytes serve as progenitors to osteoclasts, osteoclast numbers were analyzed. Representative images of osteoclasts in the bone of tumor-bearing mice treated or untreated with trabectedin are shown in [Figure 4](#f0020){ref-type="fig"}*E*. Quantitative analysis of the number of osteoclasts was not significantly different in trabectedin-treated versus untreated mice ([Figure 4](#f0020){ref-type="fig"}*F*). These data suggest that trabectedin preferentially targeted phagocytic CD68^+^ and CD206^+^ cells but did not significantly decrease osteoclast number.Figure 4Immunohistochemistry of trabectedin-treated murine intratibial prostate tumors. Immunohistochemistry was performed on orthotopic tibial sections of vehicle- (*n*=10) and trabectedin- (*n*=8) treated mice as described in [Figure 3](#f0015){ref-type="fig"}. Representative images are at 400× magnification. Staining was quantified by counting three different fields of view per specimen. Arrows indicate positive cells. Data are mean ± SE.(A-B) Representative CD68 staining and quantitative analysis, \**P*\<.05 vs. vehicle.(C-D) Representative CD206 staining and quantitative analysis,\*\**P*\<.01 vs. vehicle.(E-F) Representative TRAP staining and quantification of positive osteoclastic cells (indicated by arrows) per mm of bone. There was no significant difference in osteoclast numbers.Figure 4

"Therapeutic" Trabectedin Treatment Regimen Reduces M2-Like Macrophages and Skeletal Metastasis {#s0100}
-----------------------------------------------------------------------------------------------

To investigate the effect of circulating monocytes in prostate cancer skeletal metastasis, an intracardiac skeletal metastatic tumor model for prostate cancer was utilized ([Figure 5](#f0025){ref-type="fig"}*A*) [@bb0125]. Trabectedin-treated mice presented a significant decrease in tumor bioluminescence in the hind limbs at day 35 vs. vehicle controls ([Figure 5](#f0025){ref-type="fig"}, *B*-*C*). Tumor bioluminescence in the mandible was significantly decreased only at day 42 ([Figure 5](#f0025){ref-type="fig"}, *B* and *D*). Interestingly, a significant decrease in F4/80^+^, CD68^+^, CD206^+^, and double-positive F4/80^+^/CD86^+^, F4/80^+^/CD206^+^ cells were identified in the tibiae of trabectedin-treated mice at the end of 6 weeks ([Figure 5](#f0025){ref-type="fig"}*E*). CD11b+ cells in the blood were increased with trabectedin treatment (Suppl. Figure 2). Bone area per tissue area was reduced with trabectedin treatment (Suppl. Figure 3*B*). Trabectedin-treated mice showed a significant increase in proinflammatory cytokine levels of IL-12 (*P*\<.03); soluble tumor necrosis factor receptor superfamily, member 1A (sTNFR1) (*P*\<.04); chemokine (C-X-C motif) ligand 5 (LIX) (*P*\<.02); and macrophage inflammatory protein-1 gamma (MIP-1γ) (*P*\<.01) in the serum compared to untreated tumor-bearing mice (Supplementary Figure S1). Soluble tumor necrosis factor receptor superfamily member 1Ab (sTNFRII) levels were not significantly different (*P*\>.08) in treated and untreated mice. Taken together, these data suggest that reduced tumor burden from trabectedin treatment in the clinical skeletal metastasis model may be a result of the modulation of protumorigenic mononuclear cells and proinflammatory cytokines.Figure 5M2-like monocytes and macrophages in experimental prostate cancer skeletal metastasis model.(A) Schematic of the experimental design (therapeutic treatment regimen). Male athymic mice were divided into two groups and were injected with PC-3^Luc^ in the left ventricle of the heart. Trabectedin was subsequently administered (0.15 kg/mg/bodyweight) in three doses: 7 days after tumor inoculation, at week 3, and at week 5.(B) Representative images of *in vivo* bioluminescence on day 42.(C) Hind limb metastatic tumor growth was measured by weekly *in vivo* bioluminescence imaging. Data are mean ± SE, \*\**P*\<.01 vs. vehicle.(D) Mandibular metastatic tumor size was measured by weekly *in vivo* bioluminescence imaging*.* Data are mean ± SE, \**P*\<.05 vs. vehicle.(E) Bone marrow cells were isolated and analyzed for markers F4/80, CD68, CD86, and CD206 using flow cytometric analysis (representative flow cytometric analyses at right). Data are mean ± SE, \**P*\<.05, \#*P*\<.0001 vs. vehicle.Figure 5

Modulation of Bone Marrow--Derived Macrophages by Trabectedin {#s0105}
-------------------------------------------------------------

Previously, trabectedin has been shown to induce apoptosis via activation of caspase 8 by targeting TRAILR2-positive cells, which include both M1 and M2 cells [@bb0055]. In the current study, a consistent decrease in M2-like macrophages and a specific decrease in CD115 positive cells that correlated with an M2 phenotype were found. To further explore this relationship, bone marrow--derived macrophages were polarized to into M1 or M2 phenotypes *in vitro* and subsequently treated with trabectedin to determine cell numbers and the resultant levels of TRAILR2 and CD115. IL-4--treated and enriched M2 macrophages were more susceptible to trabectedin treatment than M1 macrophages *in vitro* ([Figure 6](#f0030){ref-type="fig"}*A*). There were no significant differences in the number of TRAILR2-positive cells between non--trabectedin-treated M1 and M2 populations, and both populations responded similarly to trabectedin, which suggest the presence of another potential target for trabectedin in the context of M1 vs. M2 differential responses ([Figure 6](#f0030){ref-type="fig"}*B*). As CD115 (CSF-1R) has been associated with an M2 phenotype [@bb0130], [@bb0135], [@bb0140], [@bb0145], CD115 expression in polarized macrophage populations was analyzed using flow cytometry. IL-4--treated M2-enriched macrophages presented a significantly higher number of CD115 positive cells than IFNγ-treated M1-enriched macrophages ([Figure 6](#f0030){ref-type="fig"}*C*). There was no significant difference in TRAILR2 protein levels in M1 and M2 macrophages ([Figure 6](#f0030){ref-type="fig"}*D*). A similar trend was identified in CD115 protein levels with IL-4 treated M2 polarized macrophages ([Figure 6](#f0030){ref-type="fig"}*E*). Since monocyte/macrophages expressing both TRAILR2 and CD115 are progenitors to osteoclasts and are key effector cells in the bone, further analysis of the effect of trabectedin on osteoclasts was performed. After osteoclast expansion with RANKL (day 7), cells were treated with trabectedin for 24 hours. Osteoclasts were significantly reduced in number relative to controls ([Figure 6](#f0030){ref-type="fig"}*F*). Taken together, these results show that trabectedin targets not only TRAILR2-positive cells (M1 and M2 macrophages) but also CD115-positive cells. Moreover, a trabectedin effect on M2 macrophages may be preferential due to the increased expression of CD115 in M2, resulting in sustained suppression of M2 macrophage levels.Figure 6Modulation of polarized bone marrow--derived macrophages.(A) IL-4--treated macrophages (M2-like) were more susceptible to trabectedin treatment (10 nM) than IFN-γ treated (M1-like) *in vitro*. Viable cell numbers were normalized to untreated polarized macrophages. Data are mean ± SE (*n*=5/group), \**P*\<.05.(B-C) Flow cytometric analysis of polarized macrophages untreated or treated with trabectedin *in vivo*. (B) TRAILR2^+^; (C) CD115^+^. Data are mean ± SE (*n*=4/group), \**P*\<.05, \*\**P*\<.01, \*\*\**P*\<.001.(D-E) Images and quantification for Western blot. (D) TRAILR2; (E) CD115. Experiments were repeated three times. Data are a mean ± SE, \**P*\<.05.(F). Quantification of bone marrow expanded osteoclasts using RANKL, treated or untreated with trabectedin. Data are mean ± SE, \#*P*\<.0001.Figure 6

Discussion {#s0110}
==========

Enhanced macrophage density in tumors is associated with a poor prognosis. Tumor-associated monocytes and macrophages have been shown to correlate with a protumorigenic, anti-inflammatory response [@bb0015], [@bb0020], [@bb0150]. Despite such findings in primary tumors, the functional role and macrophage phenotype in the context of prostate cancer skeletal metastasis have been underexplored. Macrophages are phagocytic cells that rapidly clear apoptotic debris and assist in maintaining tissue homeostasis. Our recent study reported that prostate cancer--associated macrophage efferocytosis induced an M2 polarization of macrophages *in vitro* [@bb0045]. The present study suggests that M2-like macrophage (F4/80^+^CD206^+^) efferocytosis is a critical cellular function which enhances prostate cancer cell growth.

Currently, there is no curative treatment for prostate cancer bone metastasis, and consequently, over 90% of patients that die from prostate cancer have bone involvement [@bb0155]. Tumor recurrence in patients having received prior chemotherapeutic treatment can be problematic due to drug effects on cells other than tumor cells in the bone/bone marrow environment. For example, cyclophosphamide, a common chemotherapeutic drug, enhanced experimental prostate cancer skeletal metastasis in association with an increase in other myeloid effector cells that supported tumor growth [@bb0125]. Interestingly, trabectedin, a novel and recently FDA-approved chemotherapeutic drug for the clinical treatment of sarcomas, has been shown to target phagocytic cells and induce apoptosis via caspase-8 activation [@bb0055]. While this mechanism has been approved for soft-tissue sarcomas and use in prostate cancer is being explored in clinical trials [@bb0160], the exact mechanism has not been well defined. This study showed for the first time that modulation of the bone microenvironment by trabectedin preferentially reduced M2 macrophages and decreased tumor burden in the skeleton.

This study highlights both "therapeutic" and "preventative" treatment regimens which collectively highlight the importance of targeting M2-like macrophages in the bone microenvironment on PCa skeletal metastatic outcomes. In a "therapeutic" trabectedin treatment regimen, trabectedin was given biweekly *after* intracardiac injection of PC-3 cells and shown to reduce tumor size. While the reduced tumor size is likely due in part to direct effects of trabectedin on the injected PC-3 cells, it is also likely that part of the reduced tumor burden is due to inhibition of macrophages which have been previously implicated in prostate cancer metastatic outcomes [@bb0115]. Moreover, the reduced tumor size could be due to reduced prostate cancer cell growth, increased apoptosis, or both. The "preventative" trabectedin treatment regimen helps isolate the impact of bone marrow M2-like macrophages and the bone microenvironment on prostate cancer growth in the skeleton. Trabectedin, which has a half-life of under a day in rats, was given 7 days *before* PC-3 cell injection into the bone microenvironment in mice. While the M2 macrophage populations were reduced at the time point of PC-3 cell injection (7 days post-trabectedin), it is unlikely any trabectedin remained in the animal to directly inhibit newly injected cancer cells. Thus, the reduced tumor burden in the "preventative" trabectedin treatment regimen prior to cancer cell injection highlights the role of M2-like macrophages on prostate cancer metastatic growth. Targeting the M2-like macrophage populations with trabectedin or other macrophage targeting strategies may have beneficial outcomes.

The ability of trabectedin to target M2-like macrophages and their efferocytosis capabilities was shown to be a potential mechanism for prostate cancer skeletal metastatic tumor growth in this study. Specifically, it was shown that macrophage efferocytosis of cancer cells leads to secretion of factors that stimulate prostate cancer cell growth in controlled co-culture experiments, resulting in a potential positive feedback mechanism. While multiple factors are likely responsible for efferocytosis effect on prostate cancer cell growth, recent studies have identified CXCL5 as a key regulator of this response [@bb0035]. As M2-like macrophages were shown to be \~4-fold more capable of efferocytosis than M1-like macrophages in this study, inhibition of M2-like macrophages and efferocytosis by trabectedin may be particularly useful. Polarization to the M2- vs M1-like phenotype with IL4 and IFN-γ resulted in significantly greater expression of TGF-β and YM1 which are associated with a protumorigenic, anti-inflammatory response [@bb0095], [@bb0100].

In this study, we observed that the phagocytic marker CD68 was positively associated with higher Gleason scores in human tumor samples, supporting a potential role of M2-like macrophages and efferocytosis in tumor growth. In humans, CD14^+^CD16^+^ monocytes exhibit a higher rate of phagocytosis, which is associated with acute and chronic inflammation [@bb0165]. In metastatic gastrointestinal carcinoma, patients exhibited a significant elevation in a unique CD16^+^ monocyte population in the blood, which did not correlate with sepsis or bacterial infection [@bb0020], [@bb0170]. Moreover, the presence of this monocyte subset predicted tissue invasiveness of cholangiocarcinoma and was elevated in patients with solid tumors [@bb0020], [@bb0175]. Interestingly, in patients with non--small cell lung cancer, no significant difference in classical monocyte levels was found [@bb0180]. As a result, these cells tend to have a high turnover rate that may render differences more challenging to discern. In addition, patients with metastatic disease present high levels of CD115 in the blood and may recruit and stimulate polarization of macrophages to a more M2-like phenotype [@bb0185], [@bb0190], further fostering an environment conducive for tumor growth. Metastatic tumor cells require CD115-positive macrophages for extravasation and growth in metastatic sites [@bb0195]. Moreover, the prostate cancer cells themselves may secrete factors such as protein kinase C zeta and MFG-E8 that may promote and M2 phenotype [@bb0045], [@bb0200]. Collectively, the role of M2-like macrophages and efferocytosis is supported not only by data in this study and murine models but also by clinical observations.

Interestingly, CD11b+ cells were upregulated in the presence of a tumor with trabectedin treatment but not with trabectedin treatment in nontumorous mice. One possibility for this discrepancy is that there is an interaction between the impact of the tumor and those of trabectedin treatment that leads to a differential effect. In addition, the trabectedin treatment history and timing are different when comparing the tumor models and to trabectedin treatment of nontumorous mice, which may also explain the observed differences.

Given the known role of trabectedin in targeting monocytes, we explored the potential effects of the agent on osteoclasts which derive from a similar lineage and contribute to prostate cancer pathophysiology [@bb0205]. Interestingly, little impact of trabectedin was observed on the number of osteoclasts *in* vivo in the tumor despite a strong *in vitro* effect on osteoclast number. The disparate *in vivo* and *in vitro* effects on osteoclasts are similar to a recent study that examined the impact of trabectedin during steady-state bone homeostasis and found no change in osteoclast surface in trabecular bone despite also identifying *in vitro* effects [@bb0210]. This may suggest that *in vivo* and around the tumor, osteoclasts are a preferentially maintained myeloid cell type.

Finally, we investigated the impact of trabectedin on bone mass in the tumor bone setting. In many bones, we observed that the primary driver of observed bone mass changes appears due to the destruction of bone by the tumor and not subtle shifts in the balance of bone remodeling. In the tibia of the direct intratibial tumor model, we found no difference in bone area per total area on histological sections with trabectedin treatment (Suppl. Figure 3*A*). In the intracardiac tumor model, we observed a significant decrease in the amount of bone in the tibia with trabectedin (Suppl. Figure 3*B*). In a prior study, we observed that, in mice without tumors, trabectedin treatment significantly reduced bone mass in the tibia [@bb0210]. The differences in bone mass between the intratibial and intracardiac tumor models could be due to several reasons. One possible explanation for this difference is that the timing and number trabectedin treatments were different between the intratibial and intracardiac models. As highlighted above, tumor itself can destroy the existing bone and may dominate any direct effects of trabectedin on the bone. Of note, the intratibial tumors are larger than the intracardiac and can lead to more bone destruction and variability than observed in the intracardiac model. Chemotherapies that directly have a negative effect on bone mass could still be beneficial to preserving bone around the tumor if they sufficiently prevent tumor growth.

In conclusion, this study showed that both "preventative" and "therapeutic" trabectedin treatment regimens are effective in preclinical models of prostate cancer. M2 (alternatively activated) monocytes and macrophages support prostate cancer skeletal metastasis, which is, in part, a result of their active engagement in efferocytosis, thus providing an anti-inflammatory environment for tumor growth. Targeting these phagocytic monocytes and macrophages with trabectedin rehabilitated the bone microenvironment by significantly decreasing M2 macrophages leading to a decrease in tumor burden. Therapies targeting these subpopulations show promise as a therapeutic approach for skeletal metastasis.
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